Raf kinase inhibitor protein (RKIP) is first identified as an interacting partner of Raf-1. RKIP expression is low or absent in several established cell lines derived from metastatic breast cancer, prostate cancer and melanoma cells. However, the functional role of RKIP in gastric cancer remains unclear. In this study, we employed human gastric cancer cell line SGC7901 as a model to reconstitute RKIP expression in gastric cancer cells. The growth curve and soft agar assay showed that RKIP inhibited the growth and clonogenicity of SGC7901 cells. Flow cytometry analysis showed that RKIP inhibited the cell cycle progression and induced the apoptosis of SGC7901 cells. Wound healing and transwell invasion assay showed that RKIP inhibited the migration and invasion of SGC7901 cells. Furthermore, we observed that RKIP inhibited the growth of SMGC7901 cells in xenografts in nude mice. Taken together, our in vitro and in vivo data demonstrate that RKIP modulates the proliferation, apoptosis, migration, invasion and tumorigenicity of SGC7901 cells. These results reveal the tumor suppressor role of RKIP in gastric cancer and suggest that RKIP may be new therapeutic target for gastric cancer.
In the last decade, great progress has been made in the treatment of patients with gastric cancer, one of the most prevalent malignancies in Asia [1] . However, a significant percentage of gastric cancer patients fail to achieve complete remission, leading to the relapse or poor prognosis [2] . Metastasis has been regarded as an important mechanism underlying tumor relapse after successful surgical resections [3] [4] [5] . Metastasis is the advanced stage of solid tumor progression and is a multistep process that involves invasion, intravasation, extravasation to distant organs and final growth of the secondary tumor. A group of genes, termed metastasis suppressor genes (MSGs), encode for proteins that inhibit various steps of the metastatic cascade [6] .
Raf kinase inhibitor protein (RKIP) is one of the MSGs that suppress metastasis. RKIP is first identified as an interacting partner of Raf-1 and as a negative regulator of mitogen-activated protein kinase (MAPK) pathway downstream of Raf-1 [7] . RKIP expression is low or absent in several established cell lines derived from metastatic breast cancer, prostate cancer and melanoma cells. Moreover, loss of RKIP has been shown to promote tumor development by conferring radioresistance and chemoresistance [8] . However, the functional role of RKIP in gastric cancer remains unclear.
Our preliminary study showed that RKIP expression was low in gastric cancer tissues compared to adjacent normal gastric tissues [9] . Therefore, in this study we used gastric cancer cell line SGC7901 cells as a model to investigate whether and how the loss of RKIP contributes to gastric cancer development. Our results demonstrated that reconstitution of RKIP inhibited the proliferation, clonogenicity, migration and invasion of SGC7901 cells in vitro, and induced the apoptosis of SGC7901 cells in vitro. Furthermore, we validated that RKIP inhibited the tumorigenicity in vivo, thus confirming the tumor suppressor role of RKIP in gastric cancer.
Materials and methods
Cell culture and transfection. SGC7901 cell line was obtained from the Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China) and cultured in RPMI-1640 medium (Gibco, USA) supplemented with 10% fetal calf serum (Hyclone, USA) at 37ºC in 5% CO 2 . The cells were transfected with pcDNA3.1(+)-RKIP [9] or control pcDNA3.1(+)constructs using Lipofectime 2000 (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instruction. Two days after trnasfection, the cells were selected with 500 μg/mL G418 (Promega, Madison, WI, USA) for 8 days to get SGC7901 derived stable cell lines as follows: pcDNA3.1(+)-RKIP/SGC7901 (transfected with pcDNA3.1(+)-RKIP vector); pcDNA3.1(+)/SGC7901 (transfected with pcDNA3.1(+) empty vector).
Reverse-transcription PCR. Total RNA was isolated from SGC7901 and derived cells using Trizol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. cDNA was prepared using Reverse Transcription System (Promega, Madison, WI, USA). Quantitative reverse-transcription PCR was performed using SYBR Premix Ex Taq (TaKaRa, Dalian, China). The primers were as follows: for RKIP, forward 5'-ATAGACCCACCAGCATTTCG-3' and reverse 5'-ACTGT-GCCACTGCTGATGTC-3' (amplicon 163 bp); for GAPDH, forward 5'-CCACCCATGGCAAATTCCATGGCA-3' and reverse 5'-GGTGGACCTGACCTGCCGTCTAGA-3' (amplicon 598 bp). Amplification conditions were as follows: 3 min at 95ºC (one cycle) and 30 sec at 95ºC; 30 sec at 50ºC and 30 sec at 72ºC (40 cycles) and 72ºC for 5 min (one cycle). GAPDH was used as internal control. The experiment was independently repeated three times.
Western blotting analysis. When SGC7901 and derived cells grew to 70-80% confluence, they were lysed and the total cell extracts were separated by 12% SDS-PAGE, transferred onto nitrocellulose membranes, then probed with rabbit anti-human RKIP antibody (1:500, Santa Cruz Biotechnology, Santa Cruz, CA, USA) or β-actin antibody (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4ºC. The membrane was washed with TBST for four times (5 min/each time), then incubated with goat anti-rabbit alkaline phosphatase conjugated secondary antibody (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h at room temperature. Finally, the membrane was developed using ECL kit (Pierce, Rockford, IL, USA) and exposed to X-ray film.
Cell growth curve assay. SGC7901 and the derived cells were trypsinized and seeded into 6-well plates at 1×10 4 cells/ well for further culture (in triplicate). The viable cells were counted on a hemacytometer each day for 7 days. The cell growth curve was drawn based on the counting. TUNEL assay. TUNEL assay was performed using TUNEL Kit (Promega, Madison, WI, USA) following the manufacturer's instruction. Briefly, SGC7901 and the derived cells were cultured and then fixed using 10% formalin followed by washing with phosphate buffer saline (PBS). Cells were then permeabilized using 0.2% triton X-100. Biotinylated dUTP in rTdT reaction mixture was added to label the fragmented DNA at 37°C for 1 h in the dark, followed by blocking endogenous peroxidases with 0.3% hydrogen peroxide. Streptavidin HRP (1:500 in PBS) was added and incubated at room temperature for 30 min. Finally, hydrogen peroxide and chromagen diaminobenzidine were used to visualize nuclei with fragmented DNAs under the light microscope. TUNEL-positive cells were expressed as a percentage of apoptotic cells in total cells in the microscopic field.
Soft agar assay. SGC7901 and the derived cells were suspended in 0.3% agarose in RPMI-1640 medium supplemented with 10% fetal calf serum, plated at a density of 2x10 4 cells in a 60-mm dish coated previously with 0.6% agarose, and maintained at 37C° in 5% CO 2 . On day 14, colonies >0.2 mm in diameter were counted and analyzed.
Wound healing assay. SGC7901 and the derived cells were were grown to confluence in 6-well plate, then the cell monolayer was scraped in a straight line by a 10-ul pipette tip. The cells were washed twice with PBS and incubated in RPMI-1640 medium supplemented with 5% fetal calf serum at 37C° in 5% CO 2 . The pictures were taken at 18 h after the scratches by Nikon microscope.
Transwell invasion assay. Cell invasion assay was performed using transwell chamber (8.0 μm pore size, Costar, Cambridge NY, USA). BD Matrigel was added to the upper membrane and allowed to gel for 1 h at 37°C. Then 500 μl medium containing chemotactic factor was placed in the lower chamber. SGC7901 and the derived cells were plated in the upper chamber at a density of 2×105/ml and incubated at 37°C for 36-48 h. Cells were then fixed with paraformaldehyde, stained with crystal violet, and the number of migrated cells on the lower surface of the membrane was counted under a microscope in eight fields (200×). Experiments were repeated three times.
Cell cycle and apoptosis analysis. Flow cytometry analysis was performed to assess the cell cycle phase distribution and apoptosis. SGC7901 and the derived cells were harvested and fixed in 70% ethanol. After washing with PBS, the cells were resuspended in PBS at the density of 1×10 6 /ml and treated with RNase A (100 mg/ml PBS) at 37°C for 30 min. Next, the cells were resuspended in propidium iodide (50 mg/ml PBS) and stained at room temperature for 30 min. Labeled cells were analyzed using FACSort flow ctometry (Beckman Coulter). The results were analyzed using Cell Quest software. Each experiment was repeated three times.
Xenografts in nude mice. Nine athymic nude mice (BALB/ c-nu, 5-week old) were provided by Animal Center of Central South University (Changsha, China). SGC7901 and the derived cells were resuspended in PBS and 3×10 6 cells were injected subcutaneously into the right side of nude mice and the tumor growth was examined. Mice were sacrificed after 6 weeks and tumor metastasis was examined. The tumors were dissected for histological analysis and the measurement of tumor weight.
Statistical analysis. Data were expressed as the mean ± standard deviation from at least three independent experiments and analyzed by using SPSS 17.0 software (SPSS Inc, IL, USA). Differences between groups were analyzed by using ANOVA test. P value less than 0.05 was considered statistically significant.
Results

Establishment of stable SGC7901 cells overexpressing RKIP.
To reconstitute RKIP expression in gastric cancer cells, SGC7901 cells were transfected with either RKIP expression vector pcDNA3.1(+)-RKIP or pcDNA3.1(+) empty vector as the control. After selection of stable cell lines with G418, Reverse-transcription PCR and Western blot analysis were performed to examine RKIP expression at both mRNA and protein levels in SGC7901 derived cells. RT-PCR analysis showed that the relative mRNA level of RKIP was significantly higher in pcDNA3.1(+)-RKIP/SGC7901 cells than in pcDNA3.1(+)/SGC7901 and SGC7901 cells (Fig. 1A) . Moreover, Western blot analysis showed that protein level of RKIP was significantly higher in pcDNA3.1(+)-RKIP/SGC7901 cells than in pcDNA3.1(+)/SGC7901 and SGC7901 cells (Fig. 1B) . When summarizing, these data confirm the reconstitution of RKIP expression in SGC7901 cells, which were next utilized for in vitro and in vivo studies to investigate the inhibitory effects of RKIP on gastric cancer growth and metastasis.
RKIP inhibits the growth and induces the apoptosis of SGC7901 cells. To investigate the role of RKIP in the growth of gastric cancer cells, we performed cell growth curve assay of SGC7901 and derived cells. The results showed that the reconstitution of RKIP in SGC7901 cells significantly inhibited cell growth (Fig. 2A) . Furthermore, soft agar assay showed that the reconstitution of RKIP in SGC7901 cells significantly inhibited the clonogenicity of SGC-7901 cells (Fig. 2B , p < 0.05 compared to SGC7901 and pcDNA3.1(+)/SGC7901 cells). These data provide strong evidence that RKIP inhibits gastric cancer cell growth.
Next we examined the effects of RKIP on the cell cycle progression and apoptosis of SGC7901 cells. As shown in Fig. 2C , flow cytometry analysis demonstrated that the percentage of cells in G0 and G1 phase was 70.84±1.37% in pcDNA3.1(+)-RKIP/SGC7901 cells, higher than that in pcDNA3.1(+)/SGC7901 cells (63.49±0.49 %) and SGC7901 cells (62.55±0.91%). In contrast, the percentage of cells in G2 and M phase was 8.43±1.64% in pcDNA3.1(+)-RKIP/SGC7901 cells, significantly lower than that in pcDNA3.1(+)/SGC7901 cells (11.84±0.23 %) and SGC7901 cells (14.96±2.36 %) (P<0.05). In addition, the apoptosis index was 4.10±0.51% in pcDNA3.1(+)-RKIP/SGC7901 cells, significantly higher than that in pcDNA3.1(+)/SGC7901 cells (1.17±0.87%) and SGC7901 cells (0.79±0.29%) (P<0.05).
To further confirm that RKIP induces the apoptosis of SGC7901 cells, we performed TUNEL assay. The results showed that the percentage of apoptotic cells was 14±0.99% for pcDNA3.1(+)-RKIP/SGC7901 cells, significantly higher than that in SGC7901 cells (2±0.31%) and pcDNA3.1(+)/SGC7901 cells (3±0.46%) (P<0.05, Fig. 2D ). Taken together, these data suggest that RKIP inhibits the growth and induces the apoptosis of gastric cancer cells.
RKIP inhibits the migration and invasion of SGC7901 cells. We performed wound healing assay to examine the effect of RKIP on the migration ability of gastric cancer cells. 18 h after the scratch, the width of the scratch was 2.91±0.21 mm in pcDNA3.1(+)-RKIP/SGC7901 cells, significantly higher than that in pcDNA3.1(+)/SGC7901 cells (1.31±0.34 mm) and SGC7901 cells (1.26±0.41 mm) (P<0.05, Fig. 3A) . Next we performed Transwell invasion assay to examine the effect of RKIP on the invasion ability of gastric cancer cells. The results showed that the number of cells invaded the membrane was 107±20.05 in pcDNA3.1(+)-RKIP/SGC7901 cells, significantly less than that of pcDNA3.1(+)/SGC7901 cells (256.5±37) and SGC7901 cells (276.5±40) (P<0.05, Fig. 3B ). Collectively, these results suggest that RKIP inhibits the migration and invasion of gastric cancer cells.
RKIP inhibits the growth of xenografted SGC7901 cells in vivo.
To provide in vivo evidence that RKIP inhibits gastric cancer growth, we employed nude mice model xenograft in which SGC7901 and derived cells were injected subcutaneously. We observed that visual tumor developed 7 days in average after the injection in pcDNA3.1(+)/SGC7901 and SGC7901 groups, but developed 21 days in average after the injection in pcDNA3.1(+)-RKIP/SGC7901 group. The tumors were dissected 6 weeks after the injection and their weight was significant less in pcDNA3.1(+)-RKIP/SGC7901 group (7.36±2.10 g) than in pcDNA3.1(+)/SGC7901 group (13.63±1.61 g) and SGC7901 group (14.03±3.51 g) (P<0.05, Fig. 4A ). In addition, tumor growth curve assay showed that transfection of RKIP expression plasmid inhibited the growth of xenografted SGC7901 cells (Fig. 4B) . These data provide evidence that RKIP inhibits gastric tumor growth in vivo.
Discussion
RKIP is a 20-25 kDa globular protein protein that was originally isolated as an interacting partner of Raf-1 which negatively regulates MAPK signaling downstream of Raf-1 [7] . MAPK signaling plays important role in coordinating cell survival, proliferation, apoptosis and cell invasion in response to growth factors or drug treatment, and is frequently overactivated in a variety of cancers including gastric cancer [10] . MAPK signaling is well known to be negatively regulated by several regulators such as protein tyrosine phosphatase. RKIP is a newly identified negative regulator of MAPK signaling and it is not surprising that RKIP is downregulated in different types of cancer [11] [12] [13] [14] . Especially, recent studies reported that RKIP expression was lower in gastric carcinoma than in normal gastric tissue and loss of RKIP expression was associated with tumour progression and poor survival of gastric cancer [15, 16] . However, the functional role of RKIP in gastric tumorigenesis remains largely unexplored.
In this study we performed experiments to investigate the role of RKIP in gastric cancer progression. Based on our preliminary results that RKIP expression is very low in gastric cancer cell line SGC7901, we reconstituted RKIP expression in SGC7901 cells by the transfection of RKIP expression vector and the selection of stable cell line by G418. Both RT-PCR and Western blot analysis confirmed the high expression of RKIP in pcDNA3.1(+)-RKIP/SGC7901 cells and the low expression of RKIP in pcDNA3.1(+)/SGC7901 and SGC7901 cells.
Next we characterized the biological phenotypes of SGC7901 and the derived cells. Our results showed that the reconstitution of RKIP inhibited the proliferation and clonogenicity of SGC7901 cells in vitro. Flow cytometry analysis showed that RKIP inhibited the cell cycle progression and induced the apoptosis of SGC7901 cells. These data suggest that RKIP inhibits the growth of gastric cancer cells by regulating cell cycle progression and apoptosis. Furthermore, by wound healing and in vitro invasion assay we demonstrated that the reconstitution of RKIP inhibited the migration and invasion of SGC7901 cells. Collectively, our in vitro data provide strong evidence that RKIP inhibits the malignant behaviors of gastric cancer cells.
To complement our in vitro findings with in vivo data, we injected SGC7901 and the derived cells into nude mice to induce xenografts. The analysis of the xenografts demonstrated that tumors developed more slowly and the weight of tumors was less in pcDNA3.1(+)-RKIP/SGC7901 cells derived xenografts than in pcDNA3.1(+)/SGC7901 or SGC7901 cells derived xenografts. These in vivo data are consistent with the in vitro results and further confirm that RKIP performs tumor suppresser role in gastric cancer progression. However, further studies are necessary to dissect the molecular mechanisms by which RIPK inhibits the malignant behaviors of gastric cancer cells. Chatterjee et al. reported that RKIP inhibited the activation of MAPK and NF-κB signaling to sensitize prostate and breast cancer cells to drug-induced apoptosis [17] . Park et al. showed that RKIP downregulated B-Raf activity to inhibit the transformation of melanoma [18] . Recently, it was shown that RKIP suppresseed the invasion and metastasis of breast cancer in part through a signalling cascade involving MAPK, Myc, LIN28, let-7, and downstream let-7 targets [19] . Thus we speculate that RIPK modulates several signaling pathways to regulate the proliferation, apoptosis and invasion of gastric cancer cells. In this aspect, it is important to identify the interaction networks of RKIP and our current work is focusing on the isolation and characterization of RKIP interacting partners by affinity purification and mass spectrometry, which will provide novel insights into the molecular mechanism of the tumor suppressor role of RKIP.
In summary, in this study our in vitro and in vivo data demonstrate that RKIP modulates the proliferation, apoptosis, migration, invasion and tumorigenicity of SGC7901 cells. These results reveal the tumor suppressor role of RKIP in gastric cancer and suggest that RKIP is a new therapeutic target for gastric cancer. 
